The red light requirement for positive gravitropism in roots of corn (Zea mays. cv "Merit") provides an entry for examining the participation of calcium in gravitropism. Applcations of calcium chelators inhibit the light response. Calcium channel blockers (verapamil, lanthanum) can also inhibit the light response, and a calcium ionophore, A23187, can substitute for light. One can substitute for red light by treatments which have elsewhere been shown to trigger Ca2l influx into the cytosol, e.g. heat or cold shock. Agents which are known to be agonists of the phosphatidylinositol second messenger system (serotonin, 2,4dichlorophenoxyacetic acid, deoxycholate) can each pardally substitute for the red light, and Li+ can inhibit-the light effect. These experiments suggest that the induction of positive gravitropism by red light involves a rise in cytoplasmic Ca2l concentration, and that a contribution to this end may be made by the phosphatidylinositol second messenger system.
The hybrid corn variety "Merit" requires a brief red light treatment of the root cap in order to exhibit positive root gravitropism, also called orthogravitropism (9, 18, 27) . This red light induction of positive gravitropism is a phytochrome-mediated response that saturates at very low fluences (10) . In the absence of red light treatment, roots of Merit corn will show diageotropic curvature (17, 18) .
Two lines of evidence indicate that a study of the role of Ca2+ in red light induction of orthogravitropism might yield useful information. First, there are numerous data showing that calcium movement within the root tip is associated with corn root gravitropism (14) (15) (16) 27 ). For example, the variety Golden Cross Bantam x 70, which, like Merit, requires red light for positive gravitropism, also requires red light for the characteristic movement of Ca2+ across the root cap after gravistimulation (19) . Second, at the cellular level Ca2+ appears to be an essential second messenger' for stimulus-response coupling in many phytochrome-mediated phenomena (12, 24, 27) . The work described here addresses not only the question of Ca2+ involvement in gravitropic behavior, but also the potential role of Ca2+ as a second messenger in the photocontrol of gravitropism.
MATERIALS AND METHODS Zea mays cv Merit seeds (Asgrow Seeds, Kalamazoo MI) were imbibed in distilled water at 4°C for 2 h, and then placed on wet germination paper with the radicle end pointing downward. Rolls of germination paper containing the seeds were placed in beakers of water and grown in the dark at 25°C for 44 to 48 h.
Seedlings were selected for straightness and uniform root lengths between 10 and 25 mm. Using a dim green safelight, seedlings lSupported by NASA grant NAGW-3.
were mounted in holders consisting of a triple layer of wet cheesecloth between two plexiglass strips, with roots extending 10 mm beyond the bottom edge of the holders. Holders with 10 seedlings each were magnetically attached to plastic boxes lined with wet germination paper. The downward-pointing roots were allowed to equilibrate for 1 h before chemical or physical treatments.
Roots were treated by placing the holders on plexiglass stands with wells containing the appropriate reagent solutions, with the terminal mm of root in the solution. Unless otherwise noted all solutions were adjusted to a pH of 6.0. Control seedlings were always treated with the control solution (buffer) used in the rest of the treatments of the experiment (see "Results"). EDTA, ethylene glycol bis (J3-aminoethyl ether), N,N,N1-tetraacetic acid (EGTA), LaCl3, verapamil-HCl, Na-deoxycholate, 2,4-D, serotonin-HCl (5-hydroxytryptamine), and LiCl were purchased from Sigma. Compound A23187 was obtained from Boehringer Mannheim.
Red light was supplied by two red fluorescent tubes (G.E. F 40R). Exposures were 5 to 30 min depending on the experiment. 'Dark control' treatments were exposed only to the green safelight.
After chemical or light treatments, the holders were returned to the boxes and given gravistimulation by turning the boxes 900. Seedlings remained in this horizontal position in the dark for 4 to 5 h, after which time they were taken into the light, where root length and curvature were recorded on videotape. Seedlings were maintained in humid boxes in the light for an additional 24 h in order to assess recovery of growth and light-induced gravicurvature. Any treatments which did not exhibit adequate recovery were not accepted.
Each treatment included 10 to 20 seedlings and all experiments were repeated at least three times. Data are presented as the results of a single experiment typical of the trend seen in the repeated experiments. In Table I mm consistently inhibited curvature while having no significant effect on root growth-for example, in a typical experiment curvature was reduced by 63% while root growth was reduced by 2% (DO Perdue, AC Leopold, unpublished data). LaCl3 also produced an inhibition of gravitropic curvature, reaching a 47% inhibition at a concentration of 1 mm, while root growth was not significantly different from that of the control (Fig. 4) .
Mobilization of Calcium. Many researchers report that one immediate consequence of red-light treatment of sensitive cells is a massive influx of Ca2+ into the cytosol (12, 27) . Application of various known Ca2+ -mobilizing treatments was found to substitute for red light to reduce positive gravitropism in Merit roots as shown in Table II. The tips of corn roots deprived of red light were pretreated with the Ca2+ ionophore A23187, with or without added Ca2+ serotonin (5-hydroxytryptamine); this resulted in substantial curvature after gravistimulation (Table III) . Although serotonin is capable of promoting positive gravitropic behavior, at concentrations above 1 mm it also strongly inhibits growth (23) . We presume that serotonin concentrations above 1 mm sometimes appear less effective due to those growth effects.
Exposure of dark-grown roots to solutions of deoxycholate in standard buffer (1 mm MES-KOH [pH 6 .0]) induced strong graviresponsiveness in a concentration-dependent manner (Table  III) Deoxycholate has been shown to promote phosphoinositide turnover in both animal and plant systems, presumably due to its stimulatory effects on the phospholipase involved in cleavage of membrane PI (4, 20) .
Roots treated in the dark with the synthetic auxin 2,4-D showed strong curvature in spite of severe growth inhibition (Table III) Lithium, an inhibitor of the PI pathway, provides another probe for determining whether that pathway functions in the red light sensitization of root gravitropism. Figure 5 shows typical results of a LiCl experiment. In this experiment, we found that a 30 min treatment with 25 mM LiCl prior to red light treatment caused an 85% inhibition of gravicurvature while causing a 50% inhibition of root growth. The promotion of the red light effect on curvature at lower LiCl concentrations (2.5-5 mM) is a repeatable and expected phenomenon: lithium is known to block recycling of PI metabolites and thus results in an enhanced accumulation of soluble intermediates, including 1P3, which triggers Ca2+ release from internal stores (2, 28). Added inositol, at concentrations up to 0.5 M, did not relieve lithium inhibition of the light effect; inositol alone had neither an inhibitory nor a synergistic effect on light-induced gravitropic behavior (data not shown).
DISCUSSION
In this paper, we have presented indirect evidence that elevation of cytosolic Ca2+ levels may be an intrinsic part of the red light induction of positive graviresponsiveness in Merit corn roots, and that the phosphatidylinositol second messenger system may serve to bring about such a Ca2+ mobilization. We propose that red light causes a stimulation of the PI pathway, resulting in the induction of the ability of dark-grown roots to respond positively to a gravitational stimulus. We believe that this is the first report of an involvement of the PI pathway in the phenomenon of gravitropism.
A Ca2 + requirement for positive gravitropic behavior has been demonstrated for Merit (17) and other corn varieties (15, 16 (6) , in human platelets (1), and in pancreas (8) . Thus it appears that the ionophore itself, or its Ca2+ mobilizing action, may directly stimulate the PI pathway. The results reported in Table II permit speculation that A23187 may, indeed, be stimulating a second messenger system involved in capacitating the positive gravitropic response of the root. Stevenson et al. (30) have reported that heat-shocking fibroblasts induces rapid increases in IP3 and intracellular Ca2+; this report suggests that heat shock may suffice to activate the PI pathway. Finally, the PI agonist serotonin, shown in Table III 
